ABSTRACT: The intertidal burrowing crab Chasmagnathus granulatus is the dominant species in soft bare sediments and vegetated intertidal areas along the SW Atlantic estuaries (southern Brazil, 28°S, to northern Patagonia, 42°S). C. granulatus creates burrows that can reach densities of 60 burrows m -2 , and its burrowing activities increase water and organic matter content of sediments. To evaluate the long-term effect of burrows on the origin and transformation of accumulated organic matter within sediments, we compared C and N stable isotope signatures of sediments, plants, and consumers within areas with and without crabs.
INTRODUCTION
An important issue in estuarine ecology is to identify the relative importance of different primary producers supporting estuarine food webs. In some salt marshes, Spartina species play a fundamental role (Currin et al. 1995) ; in others, benthic microalgae (Sullivan & Moncreiff 1990) or macroalgae and phytoplankton (Deegan & Garritt 1997 ) are more important. The relative area occupied by salt marshes, bathymetry, and tidal amplitude (Kwak & Zedler 1997) and land cover types on watersheds (McClelland et al. 1997 , Valiela et al. 1997 , McClelland & Valiela 1998 ) may also affect the relative contribution by different producers.
Burrowing species, including shrimps and crabs, usually dominate the intertidal of estuarine environments. These organisms construct extensive feeding galleries in the soft-sediment benthos affecting habitat complexity in soft bottoms (Peterson 1977 , 1979 , Bird 1982 . Burrowing species may structure the community by feeding directly on other organisms , Daleo et al. 2003 or plants (Bortolus & Iribarne 1999) , or by competing for space or food (Posey 1990) . Sediment disturbance by burrowers can affect a variety of population (Rowden et al. 1998 , Botto & Iribarne 1999 ) and ecosystem processes (Rhoads & Young 1970 , Rice & Rhoads 1989 , Ziebis et al. 1996 .
One of the most important bioturbators of SW Atlantic estuaries is the burrowing crab Chasmagnathus granulatus (Iribarne et al. 1997) , whose burrows can reach densities of up to 60 m -2 , and assemblages can occupy 80% of the intertidal areas (Fig. 1) . These crabs inhabit the intertidal in both the soft bare sediment flats and the lower salt marsh zones composed of Spartina densiflora (Iribarne et al. 1997) , S. alterniflora, and Sarcocornia perennis (formerly Salicornia ambigua). In bare sediments, burrows are funnel-shaped, have large entrances (up to 14 cm in diameter), and extend up to 0.4 m into the sediment . In vegetated areas, burrows are cylindrical and deeper (up to 1 m). C. granulatus affects species composition and abundance of infauna (Botto & Iribarne 1999) , marsh grass production, and soil quality (Iribarne et al. 1997 , Bortolus & Iribarne 1999 . Burrows that are funnel-shaped accumulate sediments and contain enhanced organic matter content (measured as ash-free dry weight, and abundant meiofaunal organisms (Iribarne et al. 1997 ). Burrows of crabs may therefore alter food resources available to consumers and associated nutrient dynamics.
Stable-isotope signatures of C and N help to understand the origin and pathway of organic matter in food webs (Peterson et al. 1985 , Michener & Schell 1994 . Different producers may bear recognizably different δ 13 C signatures (Lajtha & Michener 1994) . In addition, when stable isotopes are metabolized by organisms, there is some degree of fractionation since isotopes of different weights do not participate equally in reactions. For example, there is a fractionation of about 3 to 4 ‰ for N isotopes, and about 1.5 ‰ for C isotopes, at every trophic step (Michener & Schell 1994) . This isotopic fractionation can provide information on the position of species within the trophic web. Differences among sites in N isotopic signatures of producers can be the result of different external anthropogenic pollution (McClelland & Valiela 1998) , animal waste (Kendall 1998) , or fertilizers (Macko & Ostrom 1994) on N sources. N isotope signatures not only depend on the external origin of the N, but are also affected by internal biogeochemical transformations, such as N-fixation, nitrification, or denitrification (Kendall 1998) . NO 3 produced by nitrification has 15 Ndepleted signatures and the isotopic ratio of the remaining NO 3 increases after denitrification (Kendall 1998) . N uptake by plants in soils only causes small fractionation and therefore, isotopic composition of plants, in most cases, reflects that of the soil organic matter (Kendall 1998) .
In this paper, we use isotopic values of N and C in plants, consumers, and sediments in areas with and without crabs of the Mar Chiquita coastal lagoon (37°46' S, 57°19' W; Fig. 2) , to evaluate the relative influence of burrowing crabs on habitat and food web. This coastal lagoon is a body of brackish water (salinity range: 6 to 33 ‰) affected by tides of ≤1 m and with extensive mudflats surrounded by areas of mostly Spartina densiflora cordgrass (Bortolus & Iribarne 1999) . We also used isotopic ratios of N and C in plants to evaluate the effect of burrowing crabs in another 3 estuaries: Bahia Blanca (38°50' S, 62°07' W), San Blas (40°33' S, 62°14' W), and San Antonio (40°48' S, 64°52' W; Fig. 2 ). Bahia Blanca is one of the largest SW Atlantic estuarine environments, with a macrotidal regime (up to 4 m) and is close to an important industrial city (Bahia Blanca city, approximately 500 000 inhabitants). San Blas is a pristine estuarine environment near a small tourist village (< 500 people) with 2.5 m of tidal amplitude. San Antonio bay is an estuary with tides of up to 9.3 m with a nearby town of 15 000 inhabitants. These estuaries, all inhabited by high densities of crabs, allowed us to compare their effect on estuaries with different sources of organic matter and different influences of anthropogenic activity.
MATERIALS AND METHODS
The effects of burrowing crabs on C and N isotope values in sediments and in the food web were evaluated within areas with and without crab burrows in the Mar Chiquita lagoon. For all samplings, 3 intertidal areas with burrows and 3 without burrows were selected. Areas described as 'with burrows' were areas with a mean density of more than 20 burrows m -2 and with an extension of more than 1 ha (see Fig. 1 as example). The areas were similar in bathymetry, salinity, slope of the mudflat and tidal amplitude.
Samples of sediments were randomly taken from each area and inside burrows. Sediment was taken at 3 depths: (1) 0 to 1 cm, (2) 5 to 5.1 cm, and (3) 10 to 10.1 cm. Samples of the sediment accumulated in burrows were extracted by inserting a tube and collecting the material of the first centimeter of the end of the burrow. The percentages of C and N, and their isotopic ratios were evaluated in sediments comparing areas with and without crabs. Samples of sediments were exposed to HCl to extract any carbonate present. Samples were dried at 70°C, ground to fine powder, and weighed and loaded into tin capsules. Isotope analysis was performed by a mass spectrometer in the stable isotope facility of the University of California Davis. The stable isotope ratios are expressed as δ values as ‰: δX = [(R sample /R standard ) -1] × 1000, where X = 13 C or 15 N, and R is the corresponding ratio 13 C: 12 C or 15 N: 14 N. Standards used were Vienna Pee Dee Belemnite for C, and N 2 for N. Differences in the percentages of N and C, and C:N ratios between areas with and without burrows and the 3 depth layers were evaluated with 2-fixed factors ANOVA (Zar 1999) . Differences in δ 15 N and δ 13 C among surface sediments of burrow and nonburrow areas, and the sediment accumulated inside burrows were evaluated with ANOVAs (Zar 1999) .
To evaluate differences in isotopic ratios on the food web of areas with and without crabs, we randomly sampled specimens of the major producers and consumers and measured their δ 13 C and δ 15 N. Samples of the above-ground part of Spartina densiflora were dried and ground. Samples of benthic microalgae were extracted from sediment samples (10 cm diameter, 2 cm deep) following Couch (1989) . This method was based on algal migration to a light source. The Couch method is designed to permit collection, avoiding contamination with detritus. Before isotopic analysis, we examined the samples microscopically to ensure they were free of detritus. Benthic consumers were collected for isotopic analysis including 3 crab species: Chasmagnathus granulatus (adults and juveniles), Cyrtograpsus angulatus, and Uca uruguayensis; the razor clam Tagelus plebeius; and the 2 polychaetes Laeonereis acuta and Neanthes succinea (Botto et al. 1998 , Botto & Iribarne 1999 . Individuals of C. granulatus were collected from the marsh habitat and bare sediment. The crabs and the razor clams were extracted by hand or digging. Polychaetes were extracted from sediment samples (10 cm diameter, 20 cm deep) by sieving through a 0.5 mm mesh screen. All organisms were kept in estuarine-filtered water for 4 h to empty gut content (to measure only C and N assimilated). Shells of clams were not included in the analysis. Samples of the main juvenile fish species were collected using a beach seine (1 cm mesh size) towed for 50 m, parallel to the shore. To prevent unassimilated food from affecting the measurement of δ 15 N and δ 13 C, only the white muscle of fishes was used. Composites of at least 3 individuals of each species were made to make samples more representative. Both animals and plants were rinsed with deionized water, dried at 60°C for 2 to 3 d, and prepared for isotope analysis as described before.
We also obtained samples of water from areas with and without burrows. From this water, we obtained organisms from the water column retained with plastic plankton nets of 100 µm mesh size after discarding the coarser material with a mesh size of 250 µm. We also obtained a portion of material finer than 100 µm, mainly composed of phytoplankton. Both kinds of samples were filtered with Whatman G/F fiberglass filters (previously ashed at 500°C) in a low-pressure vacuum.
To test whether differences in N isotope signatures differed for one area or another, or were associated with the grasses themselves, we transplanted Spartina densiflora from areas with burrows to areas without burrows, from areas without burrows to areas with burrows, and controls of plants extracted from each area (with or without burrows) and planted again in the same area. All transplants were performed extracting a core of 10 cm diameter and 35 cm depth with the surrounding sediment and deployed again. After 45 d, a sample was taken of the new growth to estimate δ 15 N values as described above.
To ascertain whether the relationship found in Mar Chiquita could be extended to other estuaries in the SW Atlantic, we also sampled areas with and without burrows in Bahia Blanca, San Blas, and San Antonio. Samples of the most abundant marsh species in areas inhabited by crabs from each estuary were taken. Spartina densiflora and Sarcocornia perennis were collected at the Bahia Blanca estuary; S. densiflora, S. alterniflora, and S. perennis were collected at San Blas; and samples of Spartina alterniflora and S. perennis were obtained from San Antonio. Samples of the above-ground parts of plants were extracted by hand from areas with and without burrows. Areas with and without crabs were selected as described for Mar Chiquita.
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C values between areas for each species and each estuary were compared between areas with and without crabs with t-tests after correcting for non-homogenous variances as necessary (Zar 1999) .
RESULTS
The sediment in the presence of burrowing crabs had double the %N content (Table 1 ) and a higher %C content than sediment with no burrowing crabs ( Table 1) . Surface sediments seemed to collect in burrows, as made evident by the similarity of values of %N and %C (Table 1) . δ 15 N values were about 2 to 4 ‰ higher in sediment where crabs had made burrows. There were no significant difference in δ 13 C (Table 2 , Fig. 3 ). Sediment isotopic ratios inside burrows were similar to those in bulk sediment (Fig. 3 ). There were no differences in stable isotopes with depth in either type of sediment for δ 13 C, but δ
15 N values were lower in the deepest layer (Fig. 3 , Table 2 ).
The 3 primary sources of organic matter in the Mar Chiquita coastal lagoon are Spartina densiflora, benthic microalgae, and phytoplankton. These primary producers did not differ in δ 13 C isotopes (Table 3 , Fig. 4 ) between areas with and without burrows. δ 15 N values of microalgae and S. densiflora, however, were higher in areas with burrows than in areas without burrows (Table 3 , Fig. 4 ). Fig. 4) . Although the absence of replicate samples did not allow statistical comparisons for nematodes, the aggregated sample of 1000 nematodes also showed a N value 2.26 ‰ higher in areas with crabs. No differences in δ 15 N values were found for the other polychaete species, the razor clams, the other crabs, or fish species (Table 3, Fig. 4 ). C isotope ratios showed no differences in any species.
All plants from areas with crabs in Mar Chiquita, Bahia Blanca, San Blas, and San Antonio showed higher δ 15 N than those from areas without crabs (Fig. 5) . The difference persisted among the macrophyte species, even though there was significant variation in signatures from one species to another (Fig. 5) . δ 15 N values of Spartina densiflora changed when transplanted from different areas. δ 15 N of plants transplanted from areas without burrows to areas with burrows increased from 3.3 to 6.9 ‰ (t = 10.6, df = 4 , p < 0.05). δ 15 N decreased from 8.2 ‰ in areas with burrows to 5.4 ‰ when transplanted to areas without burrows (t = 6.6, df = 4, p < 0.05, Table 4 ).
Different types of producers supplied the fixed C that moved up the food webs in areas with and without crabs. Examination of the position of consumers along the x-axis of Fig. 6 suggested that the 3 primary sources of organic matter in the Mar Chiquita coastal lagoon (Spartina densiflora, benthic microalgae, and phytoplankton) showed differences in C ratios, and that all of them contributed to the food webs. High values (less negative) of δ 13 C associated with S. densiflora were found for the fiddler crab Uca uruguayensis in crab and non-crab areas. The other crab species Cyrtograpsus angulatus and the razor clam and all fishes were more depleted in 13 C, indicating mixed diets of phytoplankton and benthic microalgae. The major food for nematodes and the 13.9 ± 0.3 -17.7 ± 0.5 -17.5 Zooplankton 11.3 ± 0.6 11.5 ± 0.6 -19.1 ± 0.4 -20 ± 0.5 Table 3 . δ 13 C and δ 15 N (mean ± SE) of primary producers and consumers in areas with and without crab burrows of the Mar Chiquita coastal lagoon. C: crustacean; B: bivalve; P: polychaetes; F: fish. *p < 0.05
polychaete Laeonereis acuta seemed to be benthic microalgae. The δ 15 N found in the food webs betrayed trophic level position. N values of consumers ranged between 7 and 17 ‰. Nematodes and Chasmagnathus granulatus were low in the food web, while the fishes Odontesthes argentiniensis and Ramnogaster arcuata were in the top trophic level. The presence or absence of crabs did not change the trophic positions of the species except for the polychaete Neanthes succinea, which showed a shift in diet with enriched 13 C in areas without burrows. The more evident difference between areas with and without burrows was the presence of C. granulatus. δ 13 C of both juveniles and adults of C. granulatus showed values similar to Spartina densiflora, but the N ratios were between values of S. densiflora from areas with and without burrows.
DISCUSSION
Chasmagnathus granulatus affected sediments by increasing organic matter content , particularly accumulating N and decreasing the C:N ratio. showed that although these crabs could be actively selecting to be present in areas with enhanced organic matter, they themselves increased organic matter accumulation through the passive deposition of detritus in burrows. The relative increase of N in crab beds agrees with the better feeding conditions of polychaetes (Palomo et al. 2004 ) living in those areas.
The origin of C accumulated in sediment was not affected by burrowing crabs, as indicated by values of δ 13 C that showed no differences between areas with and without burrows. δ 15 N values of sediments were always higher in areas with burrows. Both kinds of sites (with and without crabs) are spatially very close (in some cases less than 100 m), so it seems unlikely to expect differences in N sources among areas. It seems more likely that local biogeochemical processes in burrowing areas may be responsible for changing N isotopic signatures. Denitrification increases the N isotopic signatures (Kendall 1998) , and may be stimulated by crab burrows, which increase the oxic-anoxic interface. In anoxic sediments of marshes, there may be 60 burrows m -2
. Considering mean entrance diameters (3.6 cm) and depth (41 cm), and assuming straight tube shapes (Iribarne et al. 1997) , burrows may increase the surface area by, on average, 3.7 times. This increase in the area of the aerobic-anaerobic interface can increase nitrification-denitrification coupling, given that the nitrate produced by nitrification in aerobic conditions is removed by denitrification in anaerobic conditions. Increasing nitrate production in anaerobic estuarine sediments (Jenkins & Kemp 1984 ) may increase denitrification rates. Burrowing areas can occupy up to 80% of intertidal zones in estuaries of the SW Atlantic. An increase in denitrification rates in burrow areas may decrease the supply of nitrates to the water column. Sediments with burrows also retain detritus, thus lowering transport of organic matter down-estuary. The effects of burrowing organisms could therefore have important ecological implications for preventing eutrophication in estuarine systems. Burrowing species, such as the crabs included here, may have strong top-down effects through their activity affecting survival, growth, or recruitment of other benthic fauna (Botto & Iribarne 1999) . Our results suggest that these species can also influence bottomup effects by affecting nutrient dynamics.
The uptake of N by primary producers reflected the differences of N-signatures of sediments, which were also enriched in areas with the presence of burrows. When plants were transplanted from one area to the other, new shoots also changed isotope values. After 45 d, values had not reached the value of controls. Given that plants were transplanted with their original surrounding sediment, this time period was probably not long enough to completely change isotope values. The results of this experiment indicate that differences in N isotopes between areas with and without burrows were not due to intrinsic factors of the plants, but were rather the product of changes in the isotope signature of nutrients in sediments from those areas.
Even though there were differences in anthropogenic wastewater N input among the 3 estuarine environments studied, the major feature associated with within-estuary difference in δ 15 N values was the presence or absence of crabs. Recent studies have shown strong variability of plants between nearby areas (Cloern et al. 2002) and, consequently, the applicability of N-isotope signatures to trace the linkage between producers and their consumers was questioned. What is important is to determine the factors that are producing this variability. Our data show that biological factors such as the presence of burrowing organisms must be considered. 15 N versus δ 13 C (mean ± 1 SE) for the complete food web for burrow and non-burrow areas. Spartina densiflora (Sd), benthic microalgae (bm), phytoplankton (p), zooplankton (z), the crab Cyrtograpsus angulatus (Ca), the polychaete Laeonereis acuta (La), the polychaete Neanthes succinea (Ns), the razor clam Tagelus plebeius (Tp), nematodes (n), the fiddler crab Uca uruguayensis (Uu), and the fishes Brevoortia aurea (Ba), Ramnogaster arcuata (Ra), Paralichthys orbygnianus (Po), Micropogonias furnieri (Mf), and Odontesthes argentiniensis (Oa) The consumers that reflected the differences of primary producers were nematodes, the polychaete Laeonereis acuta, and the fiddler crab Uca uruguayensis. Fishes are predators, and did not show differences between sites although some species use areas with burrows more frequently (Martinetto 2001) . This is because their muscle signature averages signatures of food taken over home ranges that likely include both types of areas. The razor clam is a suspension feeder and did not show differences among sites. Processes affecting isotopic signatures of organic matter in sediments can therefore produce a cascade effect on consumers associated with the sedimentary environment, particularly deposit feeders.
The ecological significance of the variation in isotopic signatures among individuals within species was recently highlighted for different systems. In freshwater systems, higher variability was found in less mobile consumers, which could be reflecting high amongpatch variation in resources (Lancaster & Waldron 2001) . In fish reef assemblages, variability in N signatures was related to differences in fish size related to differences in trophic levels of individuals of a population (Jennings et al. 1997) . Our study shows that without considering the presence of burrows, differences in N isotopic ratios would be incorporated in intra-population variability, complicating the identification of trophic pathways.
The 3 sources of organic matter in the Mar Chiquita coastal lagoon (salt marsh, benthic microalgae and phytoplankton) showed distinct δ 13 C values, providing a reasonable method to evaluate sources of energy for the food web in this system. δ 13 C values of sediment (between -12.6 and -15.5 ‰) suggest a strong influence of Spartina marshes and benthic microalgae in the accumulation of organic matter in intertidal sediments of the Mar Chiquita coastal lagoon. The C isotopic signature of consumers showed that the 3 sources of organic matter were important to support the food web. The 2 burrowing crab species (Chasmagnathus granulatus and Uca uruguayensis) are considered deposit feeders and their C isotopic signature showed the importance of Spartina debris as a food source. The N ratio of crabs was, however, lighter than expected for 1 trophic level fractionation in areas with burrows, probably because the origin of detritus accumulated in those areas is supplied from both areas with and without burrows. Razor clams and the crab Cyrtograpsus angulatus are more dependent on the material in the water column, polychaetes and nematodes on the benthic microalgae, while fishes subsist on a mixture of phytoplankton and benthic microalgae. Phytoplankton, microalgae, and vascular marsh plants therefore all contribute to the organic matter of the estuarine food web, as similarly found in other estuarine food web studies (Sullivan & Moncreiff 1990 , Currin et al. 1995 , Créach et al. 1997 , Kwak & Zedler 1997 , Riera et al. 1999 .
The relative importance of Spartina detritus and algal organic matter as a food source is a result of the trade-off between their availability and digestibility. Spartina is known to be of lower quality as a food source for organisms given that it has high amounts of indigestible material, but a high productivity provides a large amount of this resource (Mann 1988) . In addition, a high proportion of Spartina production is transported and accumulated in sediment and can be used as a food source for deposit feeders when enriched by their bacterial biota during decomposition (Mann 1988 , Créach et al. 1997 . The number of species that uses a source of energy is sometimes considered a measure of its importance for the ecosystem (Sullivan & Moncreiff 1990 ). However, a source of energy can be particularly important for supporting species with a high biomass and important effects on ecosystem functioning. For example, in this study, Spartina supports the dominant species in SW Atlantic estuaries, the burrowing crab Chasmagnathus granulatus. These crabs affect sediment dynamics , the structure of benthic communities (Botto & Iribarne 1999) , the feeding activity of shorebirds during low tides (Botto et al. 1998 , Palomo et al. 2003a and the distribution and feeding activity of juvenile fishes during high tides (Martinetto 2001) . Furthermore, at some sites, they have important effects on fiddler crab populations (Daleo et al. 2003) and they can affect the distribution of the fire ant Solenopsis richteri in the intertidal zone (Palomo et al. 2003b ). Species of Spartina are therefore particularly important for SW Atlantic estuarine ecosystems, given that they are the source of energy for C. granulatus.
Our results apply to estuaries between southern Brazil and central Argentina. Crustaceans with similar burrowing characteristics and sediment turnover rates that modify intertidal mudflats (e.g. Posey et al. 1991) are common in estuaries worldwide. For example, species of Callianassa and Upogebia are very common (and dominant) in intertidal mudflats of the western and SE coasts of North America (Suchanek 1985 , Posey et al. 1991 , in South Africa (Suchanek 1985) , in the North Sea (Rowden & Jones 1995) and along the western coast of Scotland (Nickell & Atkinson 1995) . Their effect on biogeochemical processes and isotopic signatures should therefore not be neglected.
